The molecular recognition of biologically important anions by simple synthetic receptors is an emerging topic in the field of supramolecular chemistry. 1 Among others, malate dicarboxylate
(1), shown in Scheme 1, presents interesting features which make it a formidable target molecule. First of all, it is an essential metabolic intermediate, the abnormal levels of its concentration being closely related to some disorders and diseases. 2 From the chemical point of view, its highly negative charge density at physiological conditions and the presence of an additional H-bonding hydroxyl group make its molecular recognition in aqueous solution especially challenging. Besides, this molecule is chiral, only one of its enantiomers being present in most of its biological functions. Accordingly, there are some enzymatic receptors in nature able to bind and transform the malate dianion, with a high degree of chemo-and enantioselectivity. 3 Thus, there are differences of biological activity depending on the absolute configuration of the chiral center of 1. Related to that, some efforts have been developed recently to distinguish between malate enantiomers in order to detect fraud in the food industry. 4 Following the studies on molecular recognition of chiral biologically interesting dicarboxylates, 5 we decided to test receptor (R,R)-2 (Scheme 1) for the binding of 1 in aqueous solution. 6 Based on our previous experience 5d-f and considering the molecular structure, acid-base properties 7 and the D 2 chiral symmetry of (R,R)-2, we envisioned this abiotic receptor as a good candidate for enantioselective binding of malate enantiomers. The values of the binding constants between (R,R)-2 and both enantiomers of 1, obtained by potentiometric titrations, are shown in Table 1 . 7 Values of enantioselectivity defined as the ratio of stability constants (K S /K R ) and the difference of the free energy of the diasteromeric complexes (DDG) are also given for comparison. Due to the existence of overlapping equilibria, a clearer representation of conditional stability constants 8 (logK cond ) is shown in Fig. 1 the interaction is also highly enantioselective (at pH = 6.5, K S /K R = 6.76).
As an alternative technique, electrospray ionization mass spectrometry (ESI-MS) has been recently used to study the formation of diastereomeric complexes with chiral selectors, showing a good correlation with the enantiodiscrimination found in solution.
9 Thus, the ESI-MS spectrum of a solution of (R, We also tried to get a three dimensional picture of the complexes with the help of molecular modeling. 10 The obtained minimized structures for the diastereomeric complexes formed between diprotonated (R,R)-2 and the malate dianion are shown in Fig. 2 . The receptor shows a D 2 symmetrical helical conformation with the six nitrogen atoms on the vertices of an octahedron. The protonation takes place at alternate secondary nitrogen atoms and the structure is stabilized by several intramolecular hydrogen bonds. 6b Malate dianion, in a gauche conformation, fits within the grove formed by the macrocyclic structure and its carboxylates bind to both ammonium groups of the receptor, showing a good geometrical complementarity. Key differences can be found by comparing both diastereomeric complexes. First of all, the receptor showed a slightly larger distortion from the ideal D 2 symmetry upon binding to (R)-1. 10 Besides, the relative disposition between the macrocycle and dianion forces the OH of the chiral center to point towards the receptor, intramolecularly H-bound to the b-carboxylate group of (S)-1 (distance OH … OOC = 2.514 Å ), while being solvent exposed for (R)-1 (Fig. 2) . These two factors would account for a higher stability of the complex with (S)-1. Accordingly, the computed energy difference 10 ) in a good correlation with experimental data. Concomitantly, the intramolecular OH … OOC distance for the (S)-1 diastereomeric complex becomes shorter (2.375 Å ), suggesting a more efficient stabilizing effect of the OH group at higher pH. On the other hand, the importance of the OH group in the enantioselectivity is also supported by the very low stereoselectivity of (R,R)-2 in the binding of methylsuccinic dianion enantiomers. This implies a fast complexation-decomplexation equilibrium on the NMR timescale. Unfortunately, there were no significant chemical shift differences between diastereomeric complexes or unambiguous intermolecular NOEs which could give us additional structural information. Nevertheless, definitive proofs for the solution behavior of both diastereomeric complexes were obtained by pulse gradient spin echo (PGSE) measurements.
12 By the accurate measurement of the dependence of NMR signal intensities on gradient strength (Fig. 3) , some hydrodynamic parameters can be extracted ( Table 2) . As the complexation-decomplexation equilibrium would change the size of the species in solution, the observed self-diffusion rate (D) 13 of a given signal would be the time average of those of the interconverting species causing that signal. Thus, the smaller the D value, the larger the size (hydrodynamic radius, r H ) 14 of the effective diffusing species and, thus, more stable and with longer existence would be the supramolecular structure. When we compare the self-diffusion rates measured using one diastereotopic proton at position C3 of 1 (entries 1 and 3 in Table 2 ), we observed that, under the same experimental conditions, the sample containing (R)-1 seems to diffuse faster than the one containing (S)-1. This effect can be easily seen by the larger negative slope displayed in Fig. 3 . More impressively, this trend was also observed by comparing signals of the receptor in both samples (entries 2 and 4), although the difference is smaller due to a more similar size of free and complexed receptor. Finally, for the sample containing (S)-1, the measured D values using either receptor or substrate signals (entries 1 and 2) are closer to each other than those measured in the sample with (R)-1 (entries 3 and 4). This implies that (S)-1 diffuses in higher proportion within the receptor than (R)-1, in good correlation with the enantioselectivity observed using other techniques. To the best of our knowledge, this is the first time that PGSE techniques have been used to study supramolecular anion complexes with polyazamacrocycles in aqueous solution. In summary, our combination of techniques strongly supports a highly enantioselective molecular recognition process which is, as far as we know, the best displayed by a synthetic receptor towards malate enantiomers at physiological conditions. We are currently studying the interaction between (R,R)-2 and other chiral dicarboxylates in order to refine our model of binding and to design more efficient and selective related receptors. 
Notes and references
) was used as an internal standard for every sample. Although D values are dependent on solvent, temperature and concentration of the sample, as the measurements were performed under the same experimental conditions for samples containing either (R)-1 or (S)-1, a direct comparison should be suitable to extract conclusions. For more details, see ESI{. 14 The hydrodynamic radius (r H ) values were estimated approximating the shape of the molecule to a sphere and using the Stokes-Einstein equation: D = k B T/6pgr H where k B is the Boltzmann constant and g is the viscosity of deuterated water at 303 K (0.976 6 10 23 kg m 2 s
22
). For more details, see ESI{. 
